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We identify and characterize the chemical nature of the oxide formed by the air oxidation of thin 
Al overlayers on Nb. Take-off angle experiments were performed to determine the sequential 
layer configuration. The thickness of the oxide did not exceed 20 A, regardless of the thickness of 
the metallic Al originally deposited. Grain-boundary diffusion is suggested as a mechanism for 
the removal of most of the excess metallic AI. The observation of a small amount of residual 
metallic Al near the interface is in accord with Miedema's theory of surface segregation which 
indicates that Al will segregate to the surface of a Nb-AI alloy. An Al overlayer as thin as 9.5 A is 
sufficient to protect the underlying Nb film from oxidation and to form an effective tunnel-
junction barrier. 
PACS numbers: 73.40.Gk, 73.20. - r, 74.50. + r 
Fabrication of all-refractory tunnel junctions has tech-
nological significance for device applications. Recent efforts 
toward making Nb-based, I as well as all-Nb tunnel junctions 
encountered two major difficulties: (1) the large dielectric 
constant of the Nb oxide2 and (2) the existence of interfacial 
conducting Nb suboxides between the insulating Nb pentox-
ide and the metallic Nb. 3 Special surface oxidation pro-
cesses4 and artificial tunnel barrierss.6 have been investigated 
in an effort to improve barrier characteristics. Recently, 
Rowell et al. 7,8 reported that a few monolayers of Al deposit-
ed over a Nb film surface can change the barrier from being 
Nb oxidelike to being Al oxidelike, eliminating the undesira-
ble features associated with tunneling through Nb oxides. 
Gurvitch et aP then proceeded to utilize thin Al overlayers 
in the fabrication ofall-Nb tunnel junctions. 
Given the success of these advances, there remain a 
number of features to be understood. (I) The exact chemical 
nature of the surface oxide is not known. A mixture of both 
Nb20 s and Al20 3 was thought to be involved7- 9 since it was 
considered unlikely that a few monolayers of Al give a uni-
form coverage free of pinholes. Alternately, it was proposed 
that the surface oxidation behavior of Nb under a thin Al 
overlayer is modified so that Nb suboxides are no longer 
formed. (2) It has been found9 that the junction resistance 
continues to increase slowly with the Al overlayer thickness 
t, even for t as large as 100 A. This is surprising considering 
that the Al oxidation process is self-limiting, so that thejunc-
tion resistance should not continue to increase once the 
limiting thickness of 20 A of Al20 3 is reached. Moreover, 
neither the proximity effect resulting from the excess unoxi-
dized metallic Al nor the 37 -me V longitudinal phonon struc-
ture of metallic Al was generally observed in tunneling char-
acteristics until the t reached - 100 A. H 
In this letter, we report the results of an x-ray photo-
emission spectroscopy (XPS) study of Nb/ Al overlayer 
structures with varying Al overlayer thickness. We identify 
the chemical nature of the surface oxide, and propose a 
mechanism which removes most of the excess metallic Al 
from the interface. 
All Nb/ Al overlayer samples studied were prepared by 
magnetron sputtering with deposition conditions main-
tained to be the same as those previously used in the tunnel 
junction studies. 7-9 The thickness of the deposited Nb and Al 
layers are summarized in Table I. The Nb films except for 
sample IV were deposited close to room temperature, below 
75 ·C. The as-deposited film surface was thermally oxidized 
in room air for 15 to 30 min. The sample was then inserted 
into the preparation chamber of a HP-5950A spectrometer 
and pumped overnight, but not baked. A pressure of _10- 8 
Torr was reached before the XPS data were taken. 
In Fig. I, Nb(3d) spectra of three quite different samples 
are compared. The spectrum of the air-oxidized Nb film 
(without Al overlayer), shown in Fig. I(a), comprises mostly 
Nb20 s and some underlying metallic Nb. The Nb(3d) spec-
tra of Nb/ Al overlayer structures with the Al thickness of 
9.5 and 112 A are identical to the one with 38.5 A shown in 
Fig. I(b). Clearly an Al overlayer, even as thin as 9.5 A, can 
fully suppress the growth of all Nb oxides. These data are 
very similar to those for a polycrystalline Nb surface me-
chanically cleaned in vacuum shown in Fig. I(c). 
The AI(2p) spectra of the overlayer samples are shown 
in Fig. 2. The spectrum of sample I with 9.5-A Al consists 
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TABLE I. 
Thickness of Thickness of 
Thickness of Thickness of deposited residual metallic Al 
Nbfilm Al overlayer Thickness of AI2O, metallic Al lost by diffusion 
Sample No. (A) (A) (A) (A) (A) 
I 3900 9.5 12.3 0 0" 
II 3900 38.5 20.4 2.0 21 
III 3900 112 9.1 9.2 96 
IV 5800 b 63 9.3 17.1 39 
"In the analysis we assume that, in sample I, the amount of Al deposited is totally converted to AI20,. 
"The Nb film of sample IV is deposited at 650 'c. 
entirely of A120 3, indicating complete oxidation of the Al 
layer. Judging by the character ofthe oxygen Is spectrum, 
the Al oxide may possibly be partially hydrated. When the 
Al overlayerthickness is increased to 38.5 or 112 A, an addi-
tional component due to metallic Al is observed. According 
to the data shown in Figs. I and 2, the surface oxide consists 
entirely of A120 3, without any Nb oxides. Contrary to earlier 
speculation 7.8 we find that the oxidation of Nb is completely 
suppressed, not just modified by the presence of AI. 
To carry the quantitative analysis further, knowledge of 
the spatial configuration near the surface is needed. This can 
be obtained from the take-off angle experiment. By increas-
ing the angle (J between the normal to the sample surface and 
the photoelectron direction, the path length through each 
layer will be increased by a factor of sec (J. Intensities from 
lower layers will be attenuated and detection becomes more 
Iii (0) 
f-z .. '· ... f ............ "'"'"' 
::::> 
CD 
~ 
W 
~ 
a:: 
<!> 
z 
f-
z 
::::> 
8 (b) 
214 
1--1 
OXIDE 
(e) 
210 
Nb 3d 
206 202 
BINDING ENERGY (eV) 
............. - .. 
198 
FIG. 1. Nb 3d spectra of (a) air-oxidized polycrystalline Nb film, (b) air-
oxidized Nb/ Al overlayer structure with the thickness of originally deposit-
ed Al of 38.5 A, (c) polycrystalline Nb surface mechanically cleaned in 
vacuum. 
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surface sensitive. Comparing the relative changes of the sig-
nals from the carbon contamination on the surface, A120 3, 
AI, and Nb when increasing the angle (J from 52, to 62, and to 
72°, leads to the conclusion that the surface configuration is 
in the sequence C/ A120 3/ Al/Nb. The metallic Al apparent-
ly lies dominantly between the Al20 3 and the Nb substrate. 
Assuming a set of planar, parallel layers, quantitative 
analysis can be carried out by solving a set of equations 
which expresses the measured intensities of A120 3, AI, and 
Nb according to 
I AI
2
0, = S AlP, [1 - exp( - dc/ Ao cos (J )], 
IAI = SAl exp( - dc/Ao cos (J)[ 1 - exp( - dL/ AL cos (J)], 
INb = SNb exp( - dc/Ao cos (J) exp( - dL/AL cos (J), 
where S is directly proportional to the product of the cross 
section 0' and the escape depth A, for each layer. (J in most 
cases is fixed to be 62°. do and d L are the thicknesses of Al20 3 
and AI, respectively. 
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FIG. 2. Al 2p spectra of air-oxidized of Nb/ Al overlayer structures with 
thickness of originally deposited Al of (a) 9.5 A. (b) 38.5 A. (c) 112 A. 
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Since no metallic Al is observed in the spectrum of sam-
ple I, dL is taken to be zero. Assuming that the 9.5-A Al 
deposited on sample I is totally oxidized, the resulting thick-
ness of Al20 3 on the surface will be 12.3 A. Calculations of 
the thickness of Al20 3 and metallic Al of samples II and III 
follow. The results are summarized in Table I. The thickness 
of the A120 3 layer is consistent with estimates (12-20 A) 
obtained from the tunneling 1-V characteristics by assuming 
a rectangular shape for the oxide tunnel barrier. The Al20 3 
layer of sample III is thinner than those of samples I and II 
because of the shorter oxidation time - 15 min. The calcu-
lated escape depths for Al20 3, At, and Nb are 23.6, 21.1, and 
19.8 A, respectively, in agreement with the general trend 
tabulated in the literature. 10-13 
We note in Table I that there is a substantial discrepan-
cy between the thickness of the deposited Al overlayer and 
the sum of the Al thickness used to form the oxide and the 
excess left at the interface. For samples II and III, about 20 
and 96 A of Al have disappeared from the region of detec-
tion. Since we ascertain that the values for the Al20 3 thick-
ness and escape depths derived from the present analysis are 
consistent with other experimental results, we require a 
mechanism that can account for the loss of the Al atoms at 
room temperature within 20 h. The only possibility is grain 
boundary diffusion. 
According to the prediction of Miedema's theory14 of 
surface segregation, and the recent extension by Cheli-
kowsky,lS it is energetically favorable for Al to segregate to 
the surface of Nb-Al alloys. This implies that Al has a ten-
dency to wet the surface of Nb. Applied to the present case 
this suggests that the excess AI, which is not used in the 
formation of Al20 3, will diffuse rapidly through grain 
boundaries, leaving a thin uniform coverage on the Nb 
grains, sufficient to protect them from oxidation. In this pic-
ture, the metallic Al seen in the XPS experiments does not lie 
entirely between the Al20 3 and the Nb substrate, but also in 
the Nb grain boundaries. The latter contribution increases 
with the thickness of the originally deposited Al layer. This 
explains the unexpectedly small changes in the metallic Al to 
Nb intensity ratio in the take-off angle experiment. 
The above proposal was checked by studying a Nb/ Al 
overlayer surface, (sample IV), in which the Nb film was 
deposited at an elevated substrate temperature of _ 650 ·C 
to increase the grain size. An enhancement of about a factor 
of 3 was obtained, judging by the increase of the resistance 
ratio from 6 to 20, as well as from SEM micrographs. From 
the analysis only 39 A of the metallic Al of sample IV disap-
pear from the near surface as against to 96 A Al of sample 
III. The amount of Al removed by grain boundary diffusion 
is inversely proportional to the Nb grain size, as expected. 
The grain boundary diffusion mechanism also consis-
tently explains the sluggish increase of the tunnel junction 
resistance with thickness of the deposited Al overlayer since 
a major portion of the deposited Al diffuses away and the 
actual amount of Al converted to oxide is no greater than 16 
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A. Similarly, the proximity effect caused'by the residual me-
tallic Al in the junction will not appear until there is suffi-
cient Al to cover the surface grains of Nb. In contrast, in the 
proximity effect tunneling spectroscopy of Wolf et al., 6 an Al 
overlayer of about 40--80 A deposited over a Nb single crys-
tal with grain size of - 1 mm gave a very strong proximity 
effect. In this case the absence of grain boundaries prevents 
the rapid removal of the excess Al from the Nb/ Al interface. 
We note that a fine-grained polycrystalline Nb substrate has 
the advantage of relaxing the requirement of precise control 
of the deposited Al thickness. 
Another important point follows from the observation 
that the oxygen affinity of Al is greater than that of Nb. 
Consequently, as long as there exists a monolayer of Al 
which wets both the Al20 3 and the Nb layers, the Nb is well 
protected from oxidation. This condition can be achieved 
with oxidation time less than 30 min, which allows most but 
not all of Al on the surface to be oxidized. It was confirmed 
by XPS that prolonged oxidation will eventually expose the 
underlying Nb to oxygen, and result in the growth of Nb 
oxides. 
In this work we have characterized air-oxidized Nb/ Al 
overlayer surfaces and gained insight into the mechanism 
which make this system advantageous for the formation of 
all-refractory tunnel junctions. The present understanding 
of the roles of surface segregation and grain boundary diffu-
sion can be used as a guide in choosing the other binary 
systems for the production of tunnel barriers. 
We would like to thank J. M. Rowell for suggesting this 
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